The regional distribution of substrate types and bedform fields and patterns of seabed erosion and deposition are well correlated with tidal current strength and sediment transport patterns.
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Introduction
The Bay of Fundy, located on the east coast of Canada ( Fig. 1) , has been of great economic, ecological and scientific significance because of its world-renowned tides, unique seabed geology, abundant marine resources and diverse ecosystems (Percy et al. 1997) . The FundyGulf of Maine -Georges Bank system forms one of the world's most biologically productive ecosystems (Jacques Whitford 2008) . The Bay of Fundy shares the world's largest recorded tides (16.3 m; O'Reilly et al. 2005) with Ungava Bay. In recent years there has been a renewed interest in exploiting the huge amount of tidal energy in the Bay of Fundy (e.g. Karsten et al. 2008; Hasegawa et al. 2011) . All these economic and environmental issues demand sound knowledge of the nearbed hydrodynamics, seabed sediment mobility, and sediment transport processes for the region.
From the global sediment dynamics perspective, observational and modeling studies in the last 20 to 30 years have established that waves, tidal currents, and wind-driven currents are the significant processes causing sediment transport in coastal and shelf environments (e.g. Butman et al. 1979; Cacchione and Drake 1990; Nittrouer and Wright 1994; Harris and Wiberg 2001) . In areas of complex coastline, topography, and sediment types, understanding of regional and longterm sediment transport is impossible with observations alone. Numerical modelling of sediment transport has been widely applied to examine sediment transport processes and patterns with detailed spatial and temporal resolutions (e.g. Holt and James 1999; Zhang et al. 1999; Davies and Xing 2002; Luff and Moll 2004; Harris et al. 2008; Ulses et al. 2008; Warner et al. 2008a ).
These simulations are often limited to assuming uniform grain sizes and lack adequate observational data for model verification (Warner et al. 2008b) . Given the great variations in wave and current processes and seabed sediment characteristics, sediment transport modelling is still needed in coastal and shelf seas to examine the influence of variation in seabed geology and the relative importance of wave and current processes. Recently numerical models have been applied in assessing tidal energy resources and impacts of tidal energy extraction (e.g. Karsten et al. 2008; Mulligan et al. 2013; Martin-Short et al. 2015) . Numerical models have also been used D r a f t 4 to regionalize seabed disturbance and sediment mobilization on continental shelves for habitat classification and for understanding the geo-environment control of habitat distribution (PorterSmith et al. 2004; Hemer 2006) . These studies have either used wave, ocean current, and tidal forcing that were calculated independently, an approach which fails to use the combined wavecurrent shear stress due to the effect of nonlinear wave-current interaction, or only quantified the seabed disturbance level based on the combined wave-current shear stress without explicit sediment mobilization calculation. Therefore universal indices for absolute quantification of seabed disturbance and sediment mobility, integrating both the magnitude and frequency of these processes, do not yet exist.
In the Bay of Fundy, perhaps more than in other marine areas, oceanographic, sedimentological and biological processes are inextricably intertwined and must be considered together for a proper understanding of the physical processes and ecosystem dynamics. A consensus exists among researchers that while physical oceanographic processes play a critical role in structuring the marine environment in the Bay, it is the dynamics of the sediments that are the key to understanding the functioning of its ecosystems (Percy et al. 1997) . The hydrodynamic tidal processes in the Bay of Fundy are well studied through hydrodynamic models and field observations (e.g. Greenberg 1979; Lynch et al. 1996 ; and the review of Greenberg 1984).
However, regional knowledge of bed shear stresses and sediment transport is quite limited. Most of our understanding of sediment transport was derived from observations and sediment budget analyses for local basins and estuaries two to three decades ago (e.g. Amos and Joice 1977; Dalrymple et al. 1978; Amos 1987 Greenberg and Amos (1983) combined a M2 tidal model and sediment budget analysis to model sediment concentration and deposition impacted by the construction of a tidal power barrage in Minas Basin. Sediment transport flux was not modeled. In a study of the stability and dispersion of dredged material at an offshore disposal site in the central Bay of Fundy, Li et al. (2009a) integrated a tidal model with a sediment transport model to study the tidal current and sediment transport patterns for the region around the disposal site. Wu et al. (2011a) recently modelled sediment transport for Minas Channel and Minas Basin in the upper Bay of Fundy. However, bedload transport was calculated from an algorithm formulated for alluvial flows and the suspended load transport was partially modelled using model-predicted tidal currents and measured surface sediment concentration derived from remote-sensing images. Tao et al. (2014) used satellite observations and numerical modelling to understand the spatial-temporal variability of surficial suspended matter concentrations in Minas Basin. Previous reviews have identified the critical need for integrated hydrodynamics and sediment transport models that can simulate sediment movement and distribution patterns for the entire Bay of Fundy (Fader 1997; Percy et al. 1997 ). This knowledge gap still exists, and predictions of seabed shear stress and sediment transport patterns for the entire Bay of Fundy are presently not available. In the present paper, waves, tidal currents, wind-driven and circulation currents generated from oceanographic models were coupled with observed grain size in a sediment transport model to predict the seabed shear stresses, sediment mobility, and sediment transport patterns for the broader Bay of Fundy (see Fig. 1 for the study area). The shear stresses, including combined wave-current stress, are compared with bedload threshold based on observed grain size to derive innovative indices that quantify the seabed disturbance and sediment mobilization incorporating both the magnitude and frequency of these processes. The modelling study addresses the following scientific issues (1) magnitude and spatial variation of waves and tidal currents, (2) regional patterns of seabed shear stress, sediment mobility and sediment transport, (3) the relative impacts from waves, tidal currents, and circulation current, and (4) 
Methods
Tidal model
Tidal currents were derived from a tidal model developed for the Scotian Shelf and Bay of Fundy region (Dupont et al. 2005) . This finite-element model includes 10 tidal constituents (M2, N2, S2, K1, O1, K2, L2, 2N2, NU2, and M4), and has a variable spatial resolution from 200 m in coastal areas to ~20 km at the mouth of the Bay (Fig. 2a) . The model uses a quadratic drag law for dissipation and the standard drag coefficient for vertically averaged tidal models, C d = 2. 5 × 10 -3 . A detailed description of the model can be found in Dupont et al. (2005) . (Godin, 1968 of USA, the model was shown to have a RMS error of 0.5 m and 3.6s, and bias of -0.15m and -2.2s, for significant wave heights and peak periods respectively. These results are comparable to those of other modern wave models, such as an unstructured grid version of WW3 described by Roland et al. (2012) , and an unstructured version of SWAN wave model described by Qi et al. (2009) .
Ocean circulation model
Ocean currents were computed from the Canadian East Coast Ocean Model (CECOM), a 3-D coupled ice-ocean circulation model for the east coast of Canada (Tang et al. 2008 dimensional currents at 3-hour interval. The outputs of the model include wind-driven currents, density currents and currents generated by remote forcing. In this paper, we shall term the CECOM-generated currents "circulation currents".
Extensive efforts have been made to validate CECOM on annual ) and shortterm (Wu et al. 2011b ) time scales. CECOM simulated currents and observed currents at fixed locations and depths in several regions of the eastern Canadian seas were compared using two methods -a qualitative method based on visual comparisons and a quantitative method based on statistical analysis . The results indicate that the major features of the current fields from observations are reproduced successfully by the model. Estimates of volume transport through several sections based on data were reproduced by the model reasonably well.
On shorter time scales, good agreement in both current speed and direction was obtained between the model simulations and current meter measurements during a storm over the eastern Canadian seas (Wu et al. 2011b ). The mean error for the mean speed predicted at several depths was 7% relative to a mean speed magnitude of 0.16 m s -1 and the mean error for the maximum speed was 12% relative to a maximum speed magnitude of 0.36 m s -1 .
Bathymetry and grain size
Irregular grid bathymetry of the tidal model was adopted as the depth data for seabed shear stress and sediment transport calculation ( (Fig. 2b) .
Seabed shear stress, sediment mobility, and sediment transport computation
The wave model data with 0.2° resolution and the ocean model output with 0.1° resolution were interpolated to conform to the unstructured grid of the tidal model data. The wave and ocean current data were also interpolated temporally to hourly interval. The hourly depthaveraged ocean current was added to the depth-averaged tidal current to derive the total current for each grid point. The ocean model does not include residual tidal currents. The residual tidal current from the tidal model was added to the hourly ocean current, and the magnitude of the current so derived was averaged for one year to derive the mean circulation current magnitude.
The depth-averaged tidal and total currents were taken as the near-bottom currents at 1 m above seabed. The wave and current data so derived, together with depth and observed grain size, were used in a combined-flow, continental shelf sediment transport model SEDTRANS (Li and Amos 2001) to compute the bed shear stresses for tidal current, waves, circulation current, and combined wave-current cases. At each grid point, the modelled hourly shear stress under various cases was compared with the critical shear stress for the initiation of bedload transport to derive the time percent that the critical shear stress was exceeded (threshold exceedance) for the modelled three year period. This provides the frequency of sediment mobilization by various oceanographic processes. The critical shear stress for bedload transport, τ cr , was calculated from the Yalin method according to Miller et al. (1977) . Only sediment mobility results averaged over the 3 year period were presented in this paper and therefore seasonable variability in seabed stress and sediment mobility (e.g. Tao et al. 2014 ) is not reflected.
D r a f t
SEDTRANS is a calibrated and widely-used one dimensional computer model that predicts the boundary layer dynamics and sediment transport on continental shelves and in coastal environments for either steady currents or combined wave-current flows (Li and Amos 2001; Bastos et al. 2004; Hemer 2006) . Comparisons of measured and modelled bedload transport rates over fine and medium sands showed that the error of the model-predicted sediment transport rate is less than a factor of 5 under complex combined wave and current conditions (Li et al. 1997; Li and Amos 2001) . Application of the model at a disposal site in the Bay of Fundy demonstrated reasonable magnitudes and transition of transport rates over mixed sand and cohesive sediments (Parrott et al. 2002; Li et al. 2009a ). Calibration of a slightly modified version of SEDTRANS also showed that model-predicted cohesive sediment concentrations are typically within 20% of the measured values using annular flumes in the field (Neumeier et al. 2008) . For this application in the Bay of Fundy, the Einstein-Brown bedload equation (Brown 1950 ) was used to compute the bedload transport rate. SEDTRANS computes the near-bed velocity profiles based on the combined-flow bottom boundary layer theory of Grant and Madsen (1986) and the suspended sediment concentration profiles using the Rouse method (Rouse, 1937) . The suspended load transport rate was obtained from the vertical integration of the modelled velocity and suspended sediment concentration profiles. The bedload and suspended load transport rates were then vectorially added to derive the total sediment transport rate. Comparisons of model-predicted sediment transport rate and direction to limited measured suspended load transport (Amos and Joice 1977) and to predictions by a quasi-calibrated sediment transport model (Wu et al. 2011a) in the Sediment Transport section will further demonstrate that the sediment transport model used in this study has performed reasonably well.
Given the focus of this study on the broader Bay of Fundy region, the results of the present study do not address the mobilization of cohesive sediments within intertidal flats and channels of the upper Bay (e.g. Mulligan et al. 2013; Tao et al. 2014) . 
Results
D
Waves
The effect of waves generally decreases from southwest to northeast in the Bay of Fundy.
Mean significant wave height (Fig. 4a) is the greatest in the outer Bay and Gulf of Maine (1 -1.6 m), decreases to 1.0 -0.5 m in the mid-Bay, and is reduced further to < 0.5 m in the upper Bay.
Wave periods reach 6 s in the outer Bay, decrease to 4-5 s in the mid-Bay and are less than 4 s in the upper Bay (Fig. 4b) . Maximum significant wave heights can reach 5-6 m in the outer Bay and are generally less than 4 m in the mid-Bay and upper Bay (Fig. 4c) . where SMF reaches up to 30% of the time (Fig. 6b ).
Currents and waves interact non-linearly in the bottom boundary layer to produce enhanced combined-flow shear velocity (e.g. Grant and Madsen 1986) . Figure 7a displays the combined shear velocity due to waves and the total current given by SEDTRANS. Wave and current interactions moderately enhance the seabed shear stress. This is particularly important in the shallow waters of coastal bays and estuaries, e.g. Passamoquoddy Bay, Saint John Harbour, and Saint Mary's Bay (see locations in Fig. 3a) . In these areas, tidal currents alone cause low shear velocity values of ~ 0.5 cm s -1 (Fig. 5a ) but the combined-flow shear velocity reaches up to 2 cm s -1 . As a result of this enhanced seabed forcing, wave and current interactions moderately enhance sediment mobilization in these coastal areas where the sediment mobilization frequency D r a f t 13 is increased from < 2% (Fig. 5b ) to > 10% of the time (Fig. 7b) .
Sediment transport predictions
Spring tidal currents
Tidal currents and sediment transport rates were modelled for the spring tide conditions which cause strongest currents and sediment transport. Tidal currents are 20% less for the average tide and 40% less for the neap tide. For the spring peak flood (Fig. 8a) , tidal currents are (Fig. 9a) . The eddy occupies the entire Minas Channel with its center about 10 km from Cape Split. The maximum velocity reaches more than 1 m s -1 .
A smaller clockwise eddy with the same current strength is located in the Minas Passage just east of Cape Split. These paired clockwise and counter-clockwise eddies are believed to contribute to the genesis of sand and gravel banner banks off Cape Split (Shaw et al. 2012; Li et al. 2014 Manan Island and at the tip of Brier Island (Fig. 9b) .
Sediment transport
Model-predicted bedload flux at peak flood is compared with the suspended load flux in Figure 10 . The total-load sediment transport flux for peak spring tide and the net sediment transport flux averaged over two flood-ebb cycles are shown in Fig. 11 and (Fig. 16 of Wu et al.) . Similar magnitude and direction of net total load flux are also predicted by this study (Fig. 12a) . In Minas Channel, the net total load D r a f t 15 flux by Wu et al. shows a counter-clockwise structure (their Fig. 16 ). This feature is also well modelled by this study (Fig. 12a) . The above comparisons arguably demonstrate that the sediment transport patterns simulated in this study are in reasonable agreement with limited measured data and the predictions from the quasi-calibrated model.
The comparison between the bedload and suspended load flux at peak flood (Fig. 10) shows that bedload transport nearly occurs over the entire Bay and its peak values reach ~5 kg m -1 s -1 .
Suspended load transport is only found for restricted areas (e.g. in Minas Basin and to the northeast of Grand Manan Island) and its magnitude is also generally 1 order of magnitude smaller than the bedload flux. Therefore bedload transport is dominant in the Bay of Fundy.
The total load sediment transport flux ( Several spatial patterns of net transport direction can be recognized. Firstly, the net sediment transport is dominantly to the northeast in the middle and upper Bay of Fundy. In the lower Bay and Gulf of Maine, net transport is to the north and northeast, into the Bay, on the Nova Scotia side and to the southwest, out of the Bay, on the US side (Fig. 12b) . In the upper Bay (Fig. 12a) , the net transport is generally to the northeast (i.e. towards the top of the Bay). But a narrow band of reversed net transport to the southwest can be found just offshore on the Nova Scotia side.
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Secondly, the net transport flux in Minas Channel and Minas Basin displays several gyre-like structures that can be correlated with the residual tidal current patterns shown in Figure 9 . A large, well developed counter-clockwise gyre occurs in Minas Channel to the west of Cape Split.
A smaller but also well-developed clockwise gyre is found in Minas Passage east of Cape Split.
A clockwise gyre is found in western Minas Basin which drives the net sediment transport southward in Southern Bight. Over central and eastern Minas Basin, the net sediment transport is eastward on the northern side and westward on the southern side except along the coast where the net transport is to the east. Alternating clockwise and counter-clockwise net transport gyres can be recognized in Cobequid Bay, though they are not as well developed as the residual flow eddies shown in Fig. 9a . A well-developed clockwise gyre of net transport is found west of Cape D'Or and this is well correlated with the clockwise eddy of residual flow shown in Figure 9a .
The net sediment transport is dominantly to the northeast in Chignecto Bay, and no welldeveloped gyres are distinguished. In the lower Bay (Fig. 12b) , a pair of clockwise and counterclockwise gyres of net sediment transport is found to the southeast of Grand Manan Island. A less-developed counter-clockwise gyre is also found at the tip of Brier Island. Lastly, prominent divergences of sediment transport are found at several locations. One is at Cape Split where the net transport is to the west in Minas Channel but to the east in Minas Passage (Fig. 12a) . This was also recognized in the modelling study by Wu et al. (2011a) . Another is in the narrows west of Grand Manan Island where the net transport is to the northeast on the northern side of the divergence, and to the southwest on the southern side of the divergence (Fig. 12b) . to locations where the time percentage of mobilisation by tidal current is greater than two times that by either waves or circulation current. "Wave-dominated" type and "circulation-dominated" type are similarly defined. Locations that do not fall into any of the three types defined above are classified as "mixed-disturbance" type. The regionalisation of seabed disturbance type (Fig. 13a) reveals that sediment mobilization in the Bay of Fundy is predominantly by the strong tidal current. Wave-dominated disturbance is restricted in coastal waters and around Grand Manan
Discussion
Disturbance type classification
Island. Mixed disturbance occurs as narrow transition zones between tide-dominated and wavedominated types. Tidal current and circulation current each cause mobilization in Minas Channel and Minas Passage, 100% of the time. Because maximum tidal current is several times stronger than the circulation current in these areas, they are classified as tide dominated type.
The study by Porter-Smith et al. (2004) found that sediments on the Australian shelves are nearly equally mobilized by waves (~31% of the shelf area) and tides (~41% of the shelf area).
Sediment mobilization by waves, however, is much less significant in the Bay of Fundy (Fig.   13a ). This contrast is largely attributed to the fact "the tide rules in the Bay of Fundy" as wave shear velocity is typically 4 times less than tidal current shear velocity (Figs. 5 and 6).
Seabed disturbance and sediment mobility indices
The combined wave-current shear velocity of Fig. 7a shows the magnitude of seabed forcing but reveals nothing about the occurrence frequency of the stress values. On the contrary, the sediment mobilization frequency map of Fig. 7b represents how often bottom sediment gets mobilized and provides no information about how strong the mobilisation is. A seabed disturbance index and a sediment mobility index are proposed to quantify seabed forcing and sediment mobilisation incorporating both the magnitude and the frequency of these parameters (Li et al. 2009b ). The Seabed Disturbance Index (SDI) is defined similarly to that of Hemer (2006): the maximum value of the product (τ cws ) 1.5 P where τ cws is the combined wave-current shear stress (related to combined shear velocity u *cws through τ cws = ρ u *cws 2 ) and P is the D r a f t 18 probability distribution of τ cws . Thus SDI quantifies the force exerted on the seabed by the combined waves and currents considering both the magnitude and frequency of the bed shear stress regardless whether sediment mobilization occurs or not. The Sediment Mobility Index (SMI) is calculated as (τ cws /τ cr ) x threshold exceedance% where threshold exceedance% is the percent of time the critical shear stress for sediment motion τ cr being exceeded by τ cws , and τ cws /τ cr is the average ratio for times when τ cr is exceeded. Thus SMI is a non-dimensional index that indicates the level of sediment mobility integrating both the magnitude and frequency of the sediment mobilisation process (Li et al. 2009b ).
The Patterns of sediment mobility shown in Fig. 13c are largely controlled by seabed forcing represented by combined wave-current shear velocity, u *cws (Fig. 7a ) and bottom sediment grain size shown in Figure 2b . The broader Minas Basin area, including Minas Channel, Minas
Passage and Minas Basin (Fig. 1) , displays the highest seabed forcing, over finer grain size (dominantly coarse sand). Therefore the highest sediment mobility occurs in this area (Fig. 13c ).
In the lower Bay of Fundy and Gulf of Maine, the grain size spreads over a wide range (0.01 mm D r a f t 19 to 10 mm; Fig. 2b ). However, this vast area is dominated by low seabed forcing (u *cws < 2 cm s -1 ) which causes low and sometimes zero sediment mobility in this area. Combined shear velocity is uniformly high (4-5 cm s -1 ) in the central Bay of Fundy (Fig. 7a) . However, bottom sediments of the lower central Bay are much coarser than that over the upper central Bay (Fig. 2b) . This difference in substrate types ultimately determines that sediment mobility is moderately high in the upper central Bay while low sediment mobility occurs in the lower central Bay (Fig. 13c) .
Hemer (2006) implying that the SDI scheme used in these studies could potentially be used as a universal index for absolute quantification of seabed disturbance in other continental shelf regions.
Comparisons of tidal and sediment transport predictions with previous studies
Previous tidal modeling studies in the Bay of Fundy include modeling of the elevation amplitude and phase of M2 (Greenberg 1979) , simulations of the residual barotropic circulation generated by tides and steady winds (Greenberg 1983) , and the application and verification of a tidal model focused on the sea level for the upper Bay of Fundy (Dupont et al. 2005) . A systematic description of the tidal current magnitude and spatial variation for the entire Bay of Fundy was not given in these studies. Only Greenberg (1984) the northeast at peak flood and to the southwest at peak ebb, except the coastline-hugging rotation over the approach to the Bay off Nova Scotia (Fig. 8) .
The modelling of the residual tidal currents in the Bay of Fundy by Greenberg (1983) identified Bay. Similar magnitudes of residual tidal currents have also been predicted for the upper Bay by Wu et al. (2011a) . The spatial patterns of the residual tidal currents are also much more complex than previously thought. This study has confirmed the four prominent paired clockwise and counter-clockwise eddies in Minas Channel-Minas Passage area that were described in previous studies (Greenberg 1983; Wu et al. 2011a ). However, several additional tidal eddy systems have also been found (see Fig. 9 and the "Spring tidal currents" section). Modelling results from both Greenberg (1983) and this study indicate that the barotropic residual tidal currents in the lower Bay are weak (typically < 0.03 m s -1 ) and do not show the presence of the counter-clockwise eddy as suggested by the data analysis of Godin (1968) . These findings on the residual tidal currents have important implications to our understanding of the net sediment transport in the Bay of Fundy.
This study is the first that attempts to model seabed shear stresses and sediment transport patterns for the entire Bay of Fundy using integrated tidal, wave, ocean current and sediment (Fig. 10a) . The higher bedload fluxes derived by this study are likely due to finer grain size (medium to coarse sands) used in this study. The differences could also result from the fact that Wu et al. (2011) used a three dimensional model over variable bottom roughness and that their bottom shear stress and bedload sediment transport were derived from the bottom currents. Fig. 12b ). However, the modelled net flux values are about one order of magnitude smaller. These differences are probably due to our poor knowledge of the distribution of the finefractions in the bottom sediments.
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For the total load transport, both Wu et al. (2011a) and the present study suggest a maximum value of ~5 kg m -1 s -1 in Minas Passage (Fig. 11) . For the magnitude and pattern of net total load transport, both Wu et al. (2011a) and the present study find that the maximum net total transport reaches 1-2 kg m -1 s -1 in Minas Passage (Fig. 12a) , despite that the residual currents in Wu et al.
were from 29 days model results and the present study uses spring-tide residual currents. The net total load flux from Wu et al. (2011a) 
Applications to regional substrate distribution and patterns of erosion and deposition
Backscatter strength, collected from the multibeam sonar mapping surveys (Parrott et al. 2010; Todd et al. 2014) , displays the distribution of various substrate types in the Bay of Fundy (Fig. 14) . The regional substrate distribution is well correlated with tidal current strength ( Fig.   3a ) and net sediment transport pattern (Fig. 12) . Strong tidal currents occur in Minas ChannelMinas Passage area and in the narrows around Grand Manan Island. The strong tidal current forcing causes erosion of the seabed and hence occurrences of the exposed bedrock or the winnowed gravelly lag in till deposits in these areas Shaw et al. 2014) . In (Fig. 14) .
Analysis of the sub-bottom profile data of Amos and Joice (1977) (Fig. 12a ) from the western to the central Minas Basin (Fig. 12a ) and a convergence of net total load transport towards the centre of the Basin which was also predicted by Wu et al. (2011a) . The second depositional centre coincides with the centre of the clockwise D r a f t gyre of net total load flux at the western Minas Basin (Fig. 12a ) and the zone of decreasing net transport rate associated with the eastern branch of this clockwise gyre.
Concluding remarks
A systematic description of the tidal flow pattern for the entire Bay of Fundy was previously unavailable. The present study is the first to present a comprehensive description of the magnitude and spatial variation of tidal currents for the entire Bay of Fundy. Previous reviews have identified the critical need for integrated hydrodynamics and sediment transport models that can predict sediment movement for the entire Bay of Fundy (Fader 1997; Percy et al. 1997) . 
